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Superconducting cosmic strings can give transient electromagnetic signatures that we argue are 
most evident at radio frequencies. We investigate the three different kinds of radio bursts from 
cusps, kinks, and kink-kink collisions on superconducting strings. We find that the event rate is 
dominated by kink bursts in a range of parameters that are of observational interest, and can be 
quite high (several a day at 1 Jy flux) for a canonical set of parameters. In the absence of events, 
the search for radio transients can place stringent constraints on superconducting cosmic strings. 
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I. INTRODUCTION 

Cosmic strings are one dimensional topological defects 
predicted in grand unified theories (GUTs) and in super- 
string theory. They could be formed during cosmic phase 
transitions if the vacuum manifold associated with the 
spontaneous symmetry breaking has non-trivial topology 
PQ (for reviews see Refs. [2HZ]). Since cosmic strings are 
relics from the very early universe, their discovery could 
provide valuable information about the nature of funda- 
mental physics. 

Cosmic strings can be superconducting in a wide class 
of particle physics models [5] , and can accumulate electric 
currents as they oscillate in cosmic magnetic fields, thus 
producing electromagnetic effects. Oscillating supercon- 
ducting strings act like antennas of cosmic sizes that emit 
electromagnetic radiation [9TI11] in a wide range of fre- 
quencies from radio [12l [13] to gamma rays [HI [15] . The 
emission is enhanced significantly at cusps — where part 
of the string doubles on itself and momentarily moves at 
the speed of light — and at kinks — discontinuities in 
the vector tangent to the string. 

Radiation from cusps of superconducting strings was 
suggested as the source of high redshift gamma rays in 
|14j . however the burst duration turns out to be much 
smaller than that of observed gamma ray bursts. Strings 
were reconsidered as gamma ray burst engines in a sce- 
nario [15] in which low frequency radiation from string 
cusps pushes the surrounding plasma, and the observed 
gamma ray burst originates as the plasma cools off (sec 
also the recent study [Ttj]). 

Recently, it was suggested [T2] that superconducting 
strings might best be detected in radio transient searches 
since the event rate for low frequency signals is much 
larger than that of high frequency signals. Furthermore, 
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there is increasing interest in the detection of radio tran- 
sients [T7H2T] . More detailed analyses were carried out in 
Ref. |13j . where the event rate for radio transients from 
cusps was obtained in terms of detector parameters - 
namely the flux, duration and frequency of the burst. 
In this paper, we re-evaluate radio transients from su- 
perconducting strings, taking into account signals from 
kinks and kink collisions. We compare properties and 
event rates of transients due to kinks with those due to 
cusps. 

In addition to electromagnetic radiation, massive par- 
ticles can be emitted from superconducting strings. 
Massless charge carriers are ejected from the string when 
the current exceeds their mass outside the string core [8] . 
This can occur efficiently at cusps, hence, ultra high en- 
ergy neutrino fluxes that can be observed at the future 
neutrino telescope JEM-EUSO, and radio telescopes LO- 
FAR and SKA, can be produced [22] . 

The distinguishing features of bursts from supercon- 
ducting cosmic string cusps [T2] H3] and kinks are that 
string radio bursts are linearly polarized, and should be 
correlated with gravitational wave |23j and possibly also 
ultra high energy cosmic ray bursts |22) . Searches for cor- 
related signals in these events can help distinguish their 
origin. There is already an initiative for detecting the 
electromagnetic counterparts of gravitational wave tran- 
sients [2"4"] . 

Cosmic strings are characterized by their tension, /z, 
or in Planck units, G/i, where G is Newton's constant. 
They can produce a variety of observable effects, and neg- 
ative results from cosmic string searches put constraints 
on G[i. A bound can be placed on the string tension 
from measurements of the cosmic microwave background 
(CMB) anisotropics. The most recent analysis uses the 
WMAP 7-year [25] and SPT data [26], and obtains the 
bound, G[i < 1.7 x 10 -7 [27]. Cosmic strings can also 
generate gravitational waves [TT] [23], both in the form 
of bursts [23] and a stochastic background [29 - 32 . The 
strongest constraint on G[i comes from the pulsar timing 
measurements that put an upper bound on the stochastic 
gravitational wave background of h 2 SIqw ^ 5.6 x 10~ 9 
[29] . Translating this to a constraint on cosmic string 
tension yields G[i < 4 x 10 -9 [25]. However, since the 
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kinetic energy of the cosmic string loops and radiation 
channels other than gravitational waves have been ig- 
nored in Ref. [25], the upper bound from pulsar timing 
measurements is expected to be somewhat relaxed (see 
e.g., Refs. [3T3H3"2"] for similar bounds). Recent measure- 
ments by WMAP [25] and SPT [26] suggest the number 
of relativistic degrees of freedom at the epoch of recom- 
bination is 4 rather than 3 (corresponding to the 3 fam- 
ilies of neutrinos) . This can also be considered as a con- 
straint on the stochastic gravitational wave background, 
and yields the upper bound G/i <2x 10 -7 [33]. 

There are additional constraints on superconducting 
cosmic strings from the thermal history of the universe, 
since such strings dump electromagnetic energy as they 
decay. For redshifts z < 10 6 , any form of electromagnetic 
energy deposited into the universe produces spectral dis- 
tortions of the CMB [34]. Since the double Compton 
and Compton scatterings that thermalize the injected en- 
ergy become inefficient at these epochs, the CMB pho- 
tons cannot reach the blackbody spectrum. The spectral 
measurements of the CMB by COBE-FIRAS put upper 
bounds on the distortion parameters /Udist an d 2/dist [55] . 
which can be translated into a constraint on the param- 
eter space of superconducting strings, namely, the string 
tension, Gfi, and the current on the string, X [36H38] . 
The constraints can be even stronger if the planned CMB 
spectrometer project PIXIE [3H] sees no spectral distor- 
tions [SH]. Besides, the UV photons emitted by super- 
conducting strings can reionize neutral hydrogen, and 
can effect the reionization history [30]. It was shown 
in Ref. [ID] that the contribution to the ionization frac- 
tion from strings decreases slowly whereas the reioniza- 
tion due to structure formation turns on rather suddenly. 
This feature leads to an optical depth different than the 
standard reionization scenario, hence constraints on G/j, 
and I can be obtained from the CMB anisotropy at large 
angular scales by using the WMAP 7- year data [40]. In 
what follows, we choose the string parameters G/x and 
1 so that they are compatible with all the constraints 
mentioned above. 

This paper is organized as follows. In Sec. [II] we calcu- 
late the characteristics of an electromagnetic burst from 
a superconducting string cusp, kink, and kink-kink colli- 



sion. In Sec. Ill we calculate the spectrum of photons and 
the total electromagnetic power from cusps and kinks. In 
Sec. |IV| we study the lifetime and number density of cos- 
mic string loops. In Sec. [V] we find the event rate in 
observer variables, namely, the flux, duration, and fre- 
quency band of observation. We do this by calculat- 
ing the Jacobian of the transformation from the intrinsic 
variables, loop length L, and the redshift of emission z, 
to the observer variables, followed by a numerical evalu- 
ation in Sec. EH We conclude in Sec. IVHI 

Throughout we use natural units, i.e., H= c = 1. We 
also adopt the flat CDM cosmology with = fi r + f2 m 
= 1, and ignore the effect of the recent accelerated ex- 
pansion period of the universe, hence, set A w 0. The 
scale factors in the radiation and matter eras are given 



respectively by a r oc t 1 / 2 and a m oc t 2 / 3 . The re- 
lation between the cosmological time and redshift in 
the radiation and matter eras are given respectively as 
t = io(l + z C q) 1/2 (l + z)- 2 and t = t (l + z)~ 3 / 2 . We use 
the values of the cosmological parameters obtained by 
the WMAP satellite along with supernovae and baryon 
acoustic oscillation data [25] , and take to = 4.4 x 10 17 s, 
t cq = 2.4 x 10 12 s, 1 + z cq = 3200 and 1 + z TCC = 1100. 



II. BURST CHARACTERISTICS 

The effective action describing a superconducting 
string, in which the modes responsible for the supercon- 
ductivity are either fermionic or bosonic, is given by [5] 
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(1) 



The first term is the Nambu-Goto action, with 7 a t>, 
(a, b) = 0, 1 the induced metric on the string world-sheet 
and /x the string tension. The field </>(er, r) is a mass- 
less real scalar field living on the string world-sheet, the 
world-sheet current given by J a — qe ab cf> y b/ V — 7 wncrG <7 
is the charge of the current carriers, and the electromag- 
netic field strength is — d^A v — d v A^. 

Since the gravitational field of a cosmic string is charac- 
terized by G/x < 1.7x 10 -7 [57], it is sufficient to consider 
the case of a weak gravitational field, and here we simplify 
even further to the Minkowski metric i]^ since our focus 
is on the classical production of bursts of electromagnetic 
radiation from loops (and not gravitational wave bursts 
[23] nor the pair-production of photons [41]). Choosing 
the standard conformal gauge, the induced metric is then 
given by 



lab = X%X%^ V = diag(l, -1) , 



(2) 



where A M (cr, r) is the string position, and the world-sheet 
current J a — q((f)' , </>), where • — d/dr and ' — d/da. The 
current is conserved, d a J a = 0, as a consequence of the 
equations of motion which read (in the Lorentz-gauge 
d^A" = 0) 



fiOX^ = -F" a X a a J a - (Q ab X») tb 
d v d v A» = AttJ^ , 



where 



d 2 aJ a X^ 4 \x-X(a)) . 



(3) 

(4) 
(5) 



(G) 



Above, □ = ~f ab d a d b = d 2 /dr 2 - d 2 /dx 2 , and in {i} 
©a& = 0,a0,b — \lab ( i ) c < t )C is the world-sheet stress energy 
tensor of 4>. On the right-hand-side of Q the first term 
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is the Lorentz force on string, which is sourced by both 
external electromagnetic fields as well as those generated 
by the string itself through ^ , while the second term is 
the inertia of the current carriers. In the following, we 
adopt values of parameters such that these are both neg- 
ligible compared to the string tension fi ~ (10 14 GeV) 2 . 
In that case, Q reduces to the wave equation which is 
compatible with the temporal gauge x — t = t. For a 
loop of invariant length L in its center of mass frame, the 
solution of Q is given by 



where 



da± e ik - x ^ 2 XT 



(14) 



(7) 



and k ■ I±(k) = due to the periodicity of the loop. The 
integrals fl4| ) are familiar from studies of gravitational 
wave emission from oscillating string loops (see for exam- 
ple [13]), and in the u)L 3> 1 limit they can be evaluated 
using the standard saddle point/discontinuity approxi- 
mation [41 j - We briefly summarize the main results of 
that analysis. 

Let k = ujn where n is a unit vector. When there is a 



where a± — a ± t, 



saddle point in the phase of (14), then 



X_(cr_ +L) = X_(a_) , X+(a+ + L) = X+(a + ) , 

(8) 

and the gauge conditions impose 



n = ±X^ , 

and expanding about this point yields (for uj 3> L^ 1 
L _ ;,, . _L 2 



X°_ = -a. , 
X° + = a + , 
\X' + \ =l = \X'_ 



rfj, (saddle) 



(ujL) 1 / 



3 bX'£- 



(15) 



(16) 



(9) 



where we have assumed that the loops are not too wiggly 
so that \X'l\ « 2vr/L, and 



We will assume that the strings carry a current density 
given by 



±1 

27T 1 / 3 

3 2 / 3 



1 

T(2/3) 



1, b = 



3 2 / 3 

^4/3 



r(2/3) 

V3 



J»(t, x)=l J da X% <5 (3) (x - X(t, a)) , (10) As discussed in HHIH E2], slightly off the direction 



0.4 . 
(17) 



where I is the constant current on the string. The max- 
imal value of I is of order [5] 



±X± , the integrals in Eq. ( 14 ) acquire small imaginary 
components, which cause t 



lem to die off exponentially 



fast outside an angle 



Imax < q^fjl = lO 12 ^ GeV 



(11) 



(ujL) 



-1/3 



(18) 



where ^-io = G^IO" 10 ). 

An oscillating superconducting string loop emits elec- 
tromagnetic radiation [5HTT] . Just as in the case of gravi- 
tational radiation, the power radiated in electromagnetic 
waves of frequency uj decays exponentially with uj for 
uj ^> L _1 except at cusps, kinks, and kink- kink collisions 
where bursts of beamed electromagnetic radiation can be 
emitted. The case of cusps was initially studied in [SHU], 
and the polarization of the emitted beam was discussed 
recently in |13| . Here we focus on kink and kink- kink 
collisions. 

Since both X M and J M are periodic functions for a loop 
of invariant length L in its rest-frame, we work with dis- 
crete Fourier transforms 



Thus result ( 16 ) is only valid in a small beam of directions 
about ft with beam width given by 6^ . This beam-shape 
burst of radiation of frequency uj is emitted over a dura- 
tion of m 



St u 



L V3 



UJ 



1/3 ' 



(19) 



Note that due to various effects, including the scattering 
of the radiation as it travels to the observer, this is not 
the observed duration of the beam [T31 [H]. Returning to 



at 



(14 1, now suppose that there is a discontinuity in X. 
some o~* ± . Then in the uj 3> L^ 1 limit, the integrals are 
now approximated by (see e.g. |41j ) 



j»(t,x) = 



d?k 
(2tt) 3 



J£(k) , (12) 



I 



//(disc) 



-AX£ 



(20) 



where uj = Aim/L and n G Z + . On using ([l0]) and it 
follows that 

^( fc ) = / dt dae l(u}t - k - x{t - a)) X^(t,a) 



L 
21 



L (I»I»+Ip») , 



(13) 



where we have neglected an overall phase, and AX* is 
the jump in X± across the discontinuity. 

III. POWER EMITTED IN PHOTONS 

When both Jft and have a saddle point, then this 
corresponds to a cusp since from (15), n = X' + = —X'_ 
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so that \X\ = 1. A saddle point in one of the integrals 
and a discontinuity in the other occurs at a kink, whereas 
a discontinuity in both corresponds to a kink-kink colli- 
sion. In each case, the power emitted in photons per unit 
frequency, per unit solid angle can be calculated through 

0113] 



d 2 p, 



L 



dwdfi 2tt Ait 



(21) 



A. Cusps 



The spectrum of photons from cusps can be found 



by substituting Eq. (16) into Eq. (13 1, and then, using 
Eq. J2l]) as [HCI3] 



d 2 P 7 c 
dwdO 



uj 2 L 



1 2 L, 



(22) 



where we have dropped numerical factors. The radia- 
tion from a cusp is emitted in a solid angle VI ss # 2 « 
(u;L)~ 2 / 3 . On integration, it follows that the power emit- 
ted is dominated by the largest frequencies, and is given 
by 



P^l 2 (u maK L) 



1/3 



(23) 



where w max can be estimated as follows [9]. The saddle 
point analysis of ( 14 ) shows that the dominant contribu- 
tion is from the region around the cusp of size A± | < 1, 
where the phase in the integrand is not oscillating rapidly. 
This gives a time and length interval on the string world- 
sheet 



where the kink sharpness ip+ = |AA_^| . Now only /_ is 
constrained by the saddle point condition, and given by 
Eq. (16 1, so that for a kink the radiation is emitted in 
a "fan-shape" set of directions of solid angle O ~ 2tt9 u . 
For a loop with N+ « iV_ « N left /right moving kinks 
all assumed to have a similar sharpness ip, it follows that 
the total power radiated is independent of the emitted 



frequency, and can be calculated from Eq. (27) as 



ui n 



l 2 (N^)\n[^L/N}, (28) 



where the upper frequency cutoff is determined by the 
discontinuity condition in I + (rather than the saddle 
point condition in /_) and is order the inverse width of 
the string w max ~ \fji- The lower frequency cutoff is de- 



termined by the validity of the calculation leading to ( 20 1 , 
and can be estimated as w m i n ~ (L/N)^ 1 . Hence the log- 
arithmic factor can be estimated as In [^J1L/N^ ~ 100 
for a wide range of parameters. 

We note that since kinks emit in a fan-shape set of 
directions, and not a narrow pencil beam, the event rate 
for kink radiation will be larger than that of cusps by a 
factor of (wl/) 1 / 3 3> 1. However, the power emitted from 
a kink event is smaller than that of a cusp for a given 
frequency when Nip ~ 1. Hence, depending on the range 
of flux and the frequencies, both kink and cusp bursts 
could be important for radio transient signals. We shall 
discuss this issue in more detail in Sec. IVCl 



Kink-kink collisions 



lAtUAal < 



(wL)!/3 



(24) 



Thus in one oscillation period T = L/2, an energy AE ~ 
^(wmax-t) 1 ' 3 ^ is radiated from a region of size given 
in (24). The region itself has an energy /^Aer, and 



electromagnetic backreaction, which we neglect in this 
work, will become important when AE ss /iAa. This 
leads to 

I 2 ' 

Finally, therefore, the total electromagnetic power emit- 
ted from a cusp is 



(Wmax-t) 2 ' 3 



(25) 



where T 



P 7 c = r 7 z^, (26) 

10 is found by numerical evaluation of the 



power for a sample of loops [3] . 



B. Kinks 



Assuming a discontinuity in X_t , for a single kink event 



it follows from Eqs. ( 13 I, (20 1 and (21 ) that 



d 2 P k 



l 2 LiP + 



3 ' 



(27) 



Finally, for a single kink-kink collision, substituting 



(20) into (13), and using (21) we find 



d 2 P 7 kk I 2 LV+V'- 



(29) 



which is radiated in all directions. The total power is 
evaluated by integrating over frequencies but the integral 
is dominated by the smallest frequency o; min w N/L. 
Assuming, as above, that left and right moving kinks 
have similar magnitude sharpness ip, and that there are 
approximately N of each, the total power radiated due 
to kink-kink bursts is given by 
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l 2 (NiPf 



1 2 N%P 2 



(30) 



In what follows we shall assume that Nip ~ 1, in which 



case, the total power from cusps given by Eq. ( 26 1 domi- 



nates over both the kink and kink-kink radiation given by 
Eqs. (28) and (30) respectively. Hence, we shall take the 



total electromagnetic power emitted from cosmic string 
loops to be 



P, = P„ c + P, k + p 



kk 



(31) 
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IV. STRING NETWORK 

A. Loop lifetime 

As well as radiating electromagetic radiation, loops 
also emit gravitational radiation with power 



Pa = T g G(l, 



(32) 



where r g ps 100 [28]. The lifetime of a string loop can 
therefore be written as 



L 



P g + P, 



TGfi 



where P 7 ss PZ, and 



P 4- P c 



(33) 



(34) 



A loop formed with length Lj at time ti will therefore 
have length 



L(t) = Li - TGn{t - U 



(35) 



at time t > ij. 

Electromagnetic radiation becomes the dominant en- 
ergy loss mechanism for loops when X > Z*, where Z* 



can be found from the condition P^ = P g to be 



^G M 3 / 2 « 10 V% 2 GeV. 



(36) 



For i > teq, the loop population contains loops that were 
produced in the radiation-dominated era but survived 
into the matter era, as well as loops that were produced 
during the matter-dominated era. They are expected to 
have a 1/L 2 distribution, and hence the total loop distri- 
bution is a sum of these two components, namely 



dn(L, t) 



t 2 {L + TGnt) 



;dL, 



where 



C L = 1 



cq 



L + TGfif 



(t > t cq ), (41) 



(42) 



Recalling that rG/j < 10~ 7 and today rG/ii <10~ 2 i cq , 
notice that the radiation era loops, and hence the 2nd 



term in (42) will dominate for L < ( cq . 

In the following, we shall study the radio transient 
events in the matter era, thus we are only interested 
in the loops that exist in the matter era. Then, from 
Eq. (41), the loop number density in terms of the red- 
shift, z, can be found as 



dn(L, z) 



where 



C L {z)(l + zf 



t 2 Q [(1 + zf/ 2 L + TGfxt ] 



T dL, [z < z cq ),(43) 



C L {z) = l + (l + 2) 



3/4. 



{l + zf/ 2 L + TGfito 



(44) 



Thus, depending on the value of the current X, T is ap- 
proximately given by 



r„ 



for I < 2* 
for 1 > X*, 



(37) 
(38) 



EVENT RATE 



A. Burst event rate from a loop of length L at 
redshift z 



where T g w 100 and 



10. 



B. Network evolution 

The network properties of cosmic strings have been 
studied in simulations 44-52] and in analytical models 
[53H57] . and it has been found that the network scales 
with the horizon. Thus, using the standard scaling evo- 
lution for the cosmic string network, the number density 
of loops of initial length between Li and Li + dLi in the 
radiation era is given by 



dn(Li,t) ~ k r 



dL, 



lV 2 ^ 2 



(39) 



where kr ~ 1. Thus, on using (35) and ignoring ti since 



dn(L,t) 



dL 



(L + TGfitf/H 3 / 2 ' 



(t < t cq ) . (40) 



Consider a loop of length L at redshift z with N left 
and right-moving kinks of typical sharpness if). Then, 
the number per unit time and per unit spatial volume of 
cusp, kink and kink-kink bursts is given by 



dAf(L, z) ~ N p 



L(l + z) 



where 



p = , rh = 2 
p = 1 , 771 = 1 
p = 2, lit = 



dn(L, z) dV{z) , (45) 



for cusp 
for kink 
for kink kink. 



Note that the angle 6 U ~ (wi) -1 / 3 is the emitted opening 
angle of the beams, so the observed spread of the different 
beams is determined by 9 Vo = [v {l + z)L]~ 1 / 3 , where 
v Q is the observed frequency of the burst, related to its 
emitted frequency v e , by 



v e = v (l + z) , 



(46) 



G 



In (|45| , dn(L, z) is the matter era loop distribution given 
in ( |43[ ), while dV(z) is the physical volume element in the 
matter era given by 

dV(z) = 54tt4 [(1 + zf' 2 - l] 2 (1 + z)- ll ' 2 dz . (47) 

Hence, the burst production rate is 



dLdz, (48) 



&fr(L,z) ~ AN*(t Q v ){v L) m - 1 C L {z) 

(l + zr-^tvT+i-i] 2 

[(l + z)3/2L + rG^ ] 2 
where we shall take ^4 ~ 50 and to = —to/3. 

B. Burst flux and duration 



For an observer, the relevant quantity is not the burst 
rate as a function of loop length L and redshift z, but 
rather the observed energy flux per frequency interval, S, 
to which the instrument is sensitive, as well as the burst 
duration, A, that can be detected. Thus it is necessary 
to transform from (L, z) — the variables occurring in 
Eq. (48) — to (S, A). 



At a distance r(z) from the loop, the energy flux per 
frequency interval is obtained directly from the power 
radiated per unit frequency [Eqs. (22]), (27 1 and (29)] for 
cusps, kinks, and kink-kink bursts respectively. These 
expressions are averaged over a loop oscillation period, 
and so one must multiply by Tl = L/2 and then divide 
by the duration of the burst A to get the energy flux in 
the burst. It then follows that the observed energy flux 
per frequency interval, S is given by 



2-7-2 



S 



LI 
^{zfA 



1?{v L(\ + z))- 



(49) 



where 



p = , q = for cusp 
p = 1 , q = 2/3 for kink 
p = 2 , q = 2 for kink kink , 

and assuming matter-dominated flat cosmology, the 
proper distance is 



r(z) = 3< (l + ^r 1/2 [(l + z) 1 / 2 -!] 



(50) 



Notice in the case of kink-kink collisions, the flux, S, 
is L-independent, hence will be treated separately when 
calculating the transformations from variables (L, z) to 



(S, A) in Sec. VC 



The observed duration 



At 2 , 



(51) 



of a burst depends on both the (observed) intrinsic du- 
ration of kink event, At, as well as At s , the contribution 
arising due to time delays generated by scattering with 



the cosmological medium. These are frequency depen- 
dent, and will take a different form depending on whether 
we consider radio, optical, or gamma-ray bursts. 

For instance, for optical and gamma ray bursts, scat- 
tering can be neglected, At s = 0. In the rest frame of the 
string, the intrinsic duration of both kink and kink-kink 
bursts is given by the inverse frequency of the emitted 
radiation, l/v e . The observed duration is therefore 



^optical /gamma 



At 



l + z 



1 

Vn 



(52) 



where v Q is the observed frequency [14] . 

For radio bursts, the burst duration due to scattering 
of radio waves with the turbulent intergalactic medium 
at given frequency, v Q , and redshift, z, can be modeled 
as a power law EQl EI] (for a review, see |62j ) 



At s (z) ~ 5ti 



l + Zi 



1-/3 



(53) 



where, the parameters are determined empirically as 
5h = 5 ms, Zx = 0.3, v x = 1.374 GHz, /3 = +4.8. (54) 



Thus from (54) and (52|), 

ALdioW = At 2 s { Z )+U- 2 
1 - 



1 



82 
l + z 



209-1)' 



.(55) 



As z > 0, the longest radio burst has A™^ = A va< a (z — 
0). The minimum burst duration will be obtained from 
bursts at recombination, when z ~ z roc ~ 1100. 



C. Event rate in observer's variables 

In what follows, we only focus on radio bursts, and 
denote A rac ji simply by A. The change of variables from 
(L, z) to (A, S) can be carried out straightforwardly. 

From Eqs. (53) and (551 it follows that 



l + z = d(x 2 -l)-VW-V 
where d = 82 v\Jvq and 

x = A v Q . 

Thus z = z(A) so that \dz/dS\ = and 
dz 



OA 



13- 1 (a; 2 - 1) 



(l + z). 



(56) 
(57) 

(58) 



Thus, the change of variables from (L, z) to (S, A) will 
be given by 



didz = 



dz 



OA 



dL 



OS 



dSdA 



(59) 
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where, unless q — 2 (kink-kink collisions), \8L/dS\ can 
be determined from (|49|) since 



L = 



,,9-1 Q lV(2-?) 

' r 2 (z)(l + z) 9 x 



Collecting the results together, we find 
v n I ' L\ x 



(« * 2). 



ALAz = 



(2-q)(fi-l) \S J x 2 -l 



(60) 

(l + z)dSdA, (61) 



where z = z(x) is given in (56). 



1. Kinks and cusps 

The event rate for kinks and cusps as a function of flux 
S and duration A can be found by substituting (61 ) into 



dAf (S, A) ~ A—[L(x, S)] m f m (x, 5)d5dA, (62) 



where 



.4 



(63) 



and 



x 2 ~l 



Cl(z) 



( 1 + z )m+l/2 [yTTj^lF 

[(l + z) 3 / 2 L(x,5)+rG^ ] 



(64) 



with z = z(z) given in ( |56[ ). Now we can obtain L(x, S) 
that appears in Eq. ( 62 ) by using the expression Eq. (|60| , 



in which we substitute r = r[z(x)] using (50) and (|56 



2. Kink-kink bursts 



and then, from x to S by using ( 65 1 

dx 



dx = 



OS 



dS = 



So dS 



\dP/dx\ S 2 



(69) 



The event rate for kink-kink collisions can be found from 



Eq. Q by using Eqs. Q and |69j) as 

AN 2 1 S x 



<W(S) 



L[{l + z)y 2 L + rG[it } 2 
The integral over L can be estimated as 

zfi^ t^ 2 /(rG^ ) 5/2 

kink collisions is 



dS 



dAf(S) 



(/3-1) (x 2 -l)\dP/dx\ S 2 
x y/l + z[Vl + z-l} 2 

C L (z)dL {7Q) 

(1 + 

Hence, the event rate for kink- 
AN 2 tli 2 S x 



{TG^/ 2 ty\(3- 



1) (x 2 - l)|dP/dx| 

-l] 2 ^, (71) 
where z can be found from (56) in terms of x, and x can 



be solved in terms of S from the polynomial given by 
Eq. (65 1 . Therefore, the event rate can be expressed as a 



function of flux, 5*. However, these steps cannot be done 
analytically and numerical solutions are needed. 

In the next section, we shall find the event rate for 
cusps, kinks and kink-kink collisions numerically. 



VI. NUMERICAL ESTIMATES 

After having obtained the expressions for event rates of 
radio bursts emitted from string cusps and kinks given by 
Eq. ( 62 ) , and from kink-kink collisions given by Eq. ( 71 1 , 



we numerically evaluate and integrate these differential 
forms, and find the event rates as functions of the ob- 
servable and theoretical parameters. 



As we mentioned previously, the flux S in (49 ), is inde- 



pendent of the loop length, L, for the kink-kink collisions. 
In this case, z can be substituted from (56) into (49) to 
give 



S(x) = 



So 



p( x y 



where 
S 



T 2 j? 
9d t 2 , v a ' 



P(x) = x(x 2 - 1) 



Vd(x 2 



1) (4,9-4) 



1 



(65) 



(66) 
.(67) 



The transformation from z to S can be done in two steps. 
First, we transform from z to x by using Eq. (56), 



dz = 



dz 
dx 



dx = 



(1 + *) 



(p-l)(x 2 -l) 



■ dx 



(68) 



A. Observable parameters 

We consider the main observable parameter as the flux 
S. For our numerical estimates we assume the string 
parameters 

I = 10 5 GeV , Gfi = V)- 10 . (72) 

Our choice of G/j ~ 10~ 10 corresponds to a symmetry 
breaking energy scale of JJL ~ 10 14 GeV at which grand 
unification may occur. 

We shall assume a range of observable parameters, S, 
v a and A motivated by experiments. For example, the 
Parkes survey can probe the following ranges of the pa- 
rameters [17], 



v e (1.230,1.518) GHz 
A e (10~ 3 ,1) s , 
S e (10~ 5 , 10 5 ) Jy , 



(73) 



"O 

■a 



10 J 
10° 
1CT 5 

io- 10 
io- 1s 

IO 20 
10 25 

1Q -30 
1Q -35 

10- 40 

IO 45 
IO 50 



- Event rate from string cusps 

- Event rate from string kinks 

- Event rate from kink collisions 



and kink-kink collisions as follows, 



1CT 



10 s 



10° 



10 5 



10 10 



10 1! 



10 zl 



1 



S(Jy) 



FIG. 1: The event rate of radio bursts from superconducting 
string loops with fixed observed frequency, v — 1.23GHz 
as functions of the flux 5*. The green curve corresponds to 
the case of cusps (the top line in large S regime); the red 
curve corresponds to the case of kinks (the middle curve in 
large S regime); and the blue curve corresponds to the case 
of kink-kink collisions (the bottom curve in large S regime), 
respectively. We have assumed a single kink on a loop (N = 1) 
for these plots. For a different value of N, the plots should 
be rescaled by N for kinks and N 2 for kink-kink collisions. 



where Jy is the unit of flux used in radio astronomy, 
which can be converted into the cgs units as 



1 Jy = 10 



-23 



ergs 



Hz 



(74) 



With the above parameters, we numerically calculate 
the event rates of radio bursts produced by cusps, kinks 
and kink-kink collisions as functions of the flux, S. By 
integrating out the observed duration, A, for cusps and 



kinks in Eq. (62), and integrating over the loop length, 
L in Eq. (70), for kink- kink collisions, the event rate per 



flux are obtained numerically as a function of the ob- 
served flux, S, as shown in Fig. [I] We use log-log scale 
to show the wide range of scales for the flux S in Fig. [T] 
where it can be seen that the event rate per flux has a 
power law behavior. For large S values, the event rate 
from the string cusps is dominant, then is the events from 
kinks. The contribution of the kink-kink collisions always 
remains negligible compared to signal from cusps and 
kinks. As S decreases, the slopes of the curves for cusps 
and kinks change at certain points, and correspondingly 
the event rate of kinks catches up and becomes dominant 
at relatively smaller values of S. The blue (the bottom) 
curve corresponding to kink-kink collisions is the most 
steep, and thus, one may expect the contribution of kink- 
kink collisions would be the most important when S is 
extremely small. However, the parameter space which is 
detectable by experiments only corresponds to the range 
of the fluxes where most of the events are due to kinks. 

From Fig. [TJ we find the asymptotic power law fits for 
the event rate of radio bursts emitted from cusps, kinks 



~dS 



2.8S Jy 1/3 yr~ 1 , 
1.3 x 10 3 iVS^, 1/4 yr" 1 



2.0 x TO 



33 N 2 Sjf yr- 1 



(cusps) (75) 
(kinks) (76) 
, (k-k) (77) 



where Sj y = 5/(1 Jy) and N is the typical number of 
kinks per loop (conservatively taken to be one in the 
plot). Hence, an experiment that integrates events over 
the ranges of A in Eq. ( |73"| , and is sensitive to milli 
Jansky fluxes, will observe about one hundred radio 
bursts per day from kinks, about one event per day from 
cusps, and kink-kink collisions cannot produce observable 
events if there are superconducting cosmic strings with 
the chosen parameters. If such events are not seen in a 
search for cosmological radio transients, we will be able 
to place stringent constraints on superconducting cosmic 
string parameters. If we consider radio bursts emitted 
by kinks on superconducting strings with observable fre- 
quency 1.23GHz and flux greater than 300 mJy, the event 
rate is about 0.75 per hour, which is a factor of 30 larger 
than the upper bound given by the Parkes survey, 0.025 
per hour. This result implies that current radio experi- 
ments might already rule out an interesting part of pa- 
rameter space given by the current on the string, I and 
the string tension, G/i. 



B. Theoretical parameters 

In this section, we numerically study the event rates 
as functions of theoretical parameters, i.e., the current, 
I, and the string tension, G/jl. 

Fig. [2] shows the total event rate dependence on the 
current, X, as a power law. From Fig. [2] we find the 
asymptotic power law fits at large current values for the 
event rate of radio bursts from cusps and kinks as follows, 



AT: 



4.8 x 10 2 2f /3 yr" 1 
1/2 



1.1 x 10° Nl, 



yr 



(cusps) (78) 
(kinks) (79) 



where X5 = 1/ (10 5 GeV). In the figure, we did not show 
the dependence of the current in the case of kink-kink 
collisions since this case do not produce observable signal. 

Note that the plots in Figs. 1-3, are obtained by in- 
tegrating over the duration, which is theoretically con- 
strained to be in the interval A 6 (A m j n ,A max ) [see 



the discussion below Eq. (55)], and also experimentally 



constrained due to the sensitivity of a particular radio 
transient search. For example, for the Parkes survey, 



A,. 



10- 



In the numerical evaluation of the event 



rate we have used the intersection of the theoretical and 
experimental ranges of the duration. 

Fig. [3] shows the total event rate dependence on G/i. 
The event rate in the case of cusps and kinks has a max- 
imum at particular values of G/i, namely, G/i ~ 10~ 10 
for cusps and G/i ~ 10 -15 for kinks. The maximum 
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FIG. 2: The event rates of radio bursts from cusps and kinks 
(for one kink/loop) on superconducting string loops at fixed 
observed frequency, v D — 1.23GHz, as functions of the current 
X. The string tension is taken to be G/i = 1CP 10 . The green 
curve corresponds to the case of cusps and gives a smaller 
event rate at high I; the red curve corresponds to the case of 
kinks and gives a smaller event rate at lower values of T. The 
event rates for kinks should be rescaled by N if there are N 
kinks per loop. 




icr 22 icr 2 ° 10 18 10 16 iff 14 iff 12 10™ iff 8 iff 6 itr 4 10 2 



Gji 

FIG. 3: The event rate of radio bursts from superconducting 
string loops with fixed observed frequency, u — 1.23GHz as 
functions of G/i. The current is taken to be I = 10 5 GeV. The 
green curve (middle curve at high G/i) corresponds to the case 
of cusps; the red curve with largest event rate corresponds to 
the case of kinks; the blue curve corresponds to the case of 
kink-kink collision and gives a sub-dominant contribution at 
large Gfi. The event rates for kinks and kink-kink collisions 
should be rescaled by N and N 2 if there are N kinks per loop. 



occurs because at small string tension electromagnetic 
radiation is the dominant energy loss mechanism, while 
at large tension gravitational losses dominate. Further, 
the event rate from cusps and kinks depend differently 
on the duration and flux — see Eq. ( 64 ) — which causes 
their curves in the integrated event rate in Fig. [3] to bend 
over at different values of the tension, depending on the 
regimes L(S, A) > TGfit or L(S, A) < TGfit. 



VII. CONCLUSIONS 

Current carrying superconducting cosmic strings will 
give three kinds of transient electromagnetic bursts. 
Bursts from cusps are strong and highly beamed, while 
bursts from kinks are weaker and less beamed, and the 
bursts from kink-kink collisions are weakest and not 
beamed. Only the bursts from cusps and kinks are strong 
enough to be observed. 

The bursts from cusps and kinks occur in all frequency 
bands but the width of the beams falls off with frequency. 
Thus the beams are wide in radio, and thin in gamma 
rays. So the event rate for bursts is largest in the radio 
bands, which is why the search for radio transients is the 
most likely to find bursts from superconducting strings. 

The search for radio bursts involves several parameters. 
First is the frequency at which observations are carried 
out, second is the lower cutoff in flux that the experi- 
ment is sensitive to, and the third is the duration of the 
burst. If we assume some canonical values for the radio 
frequency and range of burst durations, we can predict 



the event rate of radio transients from superconducting 
strings as seen in Fig. [T] The event rate is quite high, 
at the level of several a day at I Jy flux for the choice 
of string parameters, and should be within easy reach of 
current efforts. If no bursts are seen, their absence can 
be used to constrain the string parameters G/i and I. 

Bursts from superconducting strings can be distin- 
guished from bursts from astrophysical sources as they 
are linearly polarized, and should have characteristic fre- 
quency dependence. In principle, the radio burst is ac- 
companied by bursts at other frequencies but, since the 
beams at higher frequencies are narrower, they can miss 
detection. A radio burst should also be accompanied by 
gravitational wave bursts, but this can be very hard to 
detect if the string is light. In some string models, there 
should also be an accompanying burst of neutrinos. 

In our analysis, we have made some assumptions that 
we now spell out. The first is that all strings carry the 
same uniform current. This assumes that the cosmo- 
logical medium is magnetized and that the current on 
strings has built up to its microscopically determined 
saturation value. If there is a distribution of currents, 
there will be an additional variable in the distribution of 
bursts that can affect the event rate. A second assump- 
tion is that the radiation backreaction does not drasti- 
cally change the network properties. We have already 
accounted for some effects of backreaction. For example, 
loops evaporate with a certain lifetime due to radiation. 
However, it is also possible that backreaction prevents 
cusps from reappearing in every loop oscillation, or that 
kinks smooth out very rapidly. We have not considered 
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these effects. 
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